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FOREWORD

e

"Collision Frequencies and Energy Transfer : Ions" 1s the
sacond of a seriss of twd papers dealing with the general subject of
elastic cellisicn processes and aenergv transfer applied to the com-
stituents of the upper atmosphere, This series will be published in -
Flanetary and Space Science during 1966,

AVANT -PROPOS

"Collisien Frequencies and Energy Transfer : Ions" est le
secend de deux travaux dont le sujet général est 1'étude des processus
da collision élastique et de trensfert d'énergie appliqués aux con-
stituants de 1°'atmosphdre supérizure. Les résultats de ces recher-

ches seront publiés en 1966 dans la revue Flanetary and Space Science.

VOORWOORD
"Collision Frequencies and Energy Transfer : Ions" !s het
tweede in een reeks van twee werken die handelen over het algemeen
cuderwerp . procassen van elastische botsing sn energle-overdracht,
toagepast op de bestanddelen van de hogare atmosfeer. Dezxe razks zal

gegmbliceerd worde ‘n Planetary and Space § ace in de loop van 1966.

VORWORT
*Collisfon Fresquencles and Energy Transfer : lons™ st die
tweite arbeit einer Serie von zwei Abhandlungen, die sich suf das ge-
neral Pioblem dar alsstischen Stossprozesse und der Energleifbertragung §

in der hbheren Atwmosph¥re bezisht., Diose Arbeit wird {m laufenden 196¢

{n Planetary and Spacs Sciance herausgegeben werden,




COLLISION FREGLZNCIES AND ENERGY TRANSFER : IONS

by

Peter BANKS

An invesgtigation has been made of ion collision freauen-
cies and energy transfer for conditicns of gaseous thermal nonequi-
librium, Following the methods of a developwment devoted to electron
collisions, the problems of ion-neutral and ion-ior elastic colli-
sicna have been coasidered under the sssumption of saparate Maxwal-
lian velocity distributions, Expressions for the romcguilihrium mo-
mentum transfer cross sections, colligion frequencias, snd energy
transfer rates are given for neutral gases on the bugis of a polari-
zation potentizl and for ions on the bsgis of the Coulomb interaction.
Next, the problem of ion-neutral resonance charge exschange ic intro-
duced 1in its effect upon collision cross sections and ion energy
transfer rates, An analyais 1is made of gathered laboratory data ‘
to arvive at suitable expressions fer thedégs nance, “h4ﬁ$? exchan ;
and momentum transfer cross sections for 3- &nd 0
Ueing thase resultz, resconance charge cxchanga ADd tun trnnsfer
cnllision frequeancies are derived., The resonknce icn-neutral energy
trvansfer rates are then presented and compared with expressions used
in previous situdies of fon temperatures.

RS sumé \
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Nous étudions les fréquencass da collision et le transfert d'dner-
gie des lons dans des conditions de gax en non-dquilibre thermique. Sui-
vant les méthodes d'une recharche consacrée aux collislons des élactrone,
nous considérons les problames des collisiona elwstiques iou-particule
neutre et ion-{on, sous 1l'hypothdse de distributions de vitesses maxwellien-
nes différentes, ULes oxpressions des sections efficaces de transfart da
wmoment en non-équilibre, les frédquances de ccllisioas et les taux de trans-
fert d'énergie sont dounés pour les gax neutrseeur le base d'un potentiasl
de polarisation et pour les ions sur la base d‘une interactica coulombianne.
Ensuite, nous conniidéyms le probl2me de 1'achange de chegs entms ion et paxticule
neutre, du point de vue de ses effets sur lea pactions erficaces de colli-
sion et sur les taux da transfert d'é-._ ie, Rous analysons snsuite des
données de lrhoratoire pour en tire des expresaions approprifes pour les
sactions efficaces d'échange da che “ga par rdsonance et ds transfert d'énar-
xle pour Ht, ot, Het, N2$ et' 0%, las fréquances de collision pour 1'éschan-
ge de charge par resonance et pour le¢ transfert de mement sont déduite de ces
vésultats. Nous présantone alors les taux de trensfert d'énergie par réuo-
nance lon-particule neutre et nous las comparons avec das expressions utilisées
dand las dtudes antériesres portamt sur les tespiiratures. ioniquees.
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Samenvattiug
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In deze tekst worden de botsingsfrekwenties ean de energie-
ovirdracht bestudeerd voor ionen van gassen welke niet in thermisch
svenwicht zijn. De elastische botsingen tussen ionem en neutrale deeltjes
evenals tussen ionen onderling worden bestudeerd volgens de methode welke
uiteengezet werd voor de boteingen die de electrcnen ondergaan in de on-
dergtelling van een verschillende maxwelliaanse snelheidsverdeling. Er
wordsan uitdrukkingen gegeven voor de werkzame docrsnede voor de over-
dracht van hoecveelheid van beweging ingeval de gassen niet in thermisch
evenwicht zijn, evenals voor de betsingsfrekwentie en de mate van energie-
overdracht door de ionen, Er wordt een studie gemasekt der gegevens die
in verscheidene laboratoria gevonden werden ten einde geschikte uitdruk-
kingen te brkomen voor de ladingsuitwisseling bij resonantie en de
werkzame doorsneden voor de overdracht van hoeveslheid van beweging in-
geval van H+, 0+, Het. Nt en 0.*. Gebruik makende van deze resultaten
werd: de ladingauicwisselzng en gotsingsfreksentie voor de overdr.:ht
van hosveelheid van beweging bepaald, De. mate van energieoverdracht
bij ladingsuitwisseling in resonantistvestand tussen ionen en neutrale
deeltjes wordt dan berekend en vergeleken met de uitdrukkingen gebruikt
in vroegere studies betreffende ionentemperaturen,

Zugammenfasgung

Eine Abhandlung der Ionenzussmmenstossfrequenz und der Eunergie-
gbhertragung £8r nicht thermischem Equilibrium wird auvsgefthri. Nach einer
Methode die ftr Klektruonen entwickeit wurde, wird das Problem der Zusam-
meanstfase zwischen Ioner und ungeladenen Teilchen rowile zwischen lonen im
Falle verschisedenen Mazwell - Vertellungsfunktionen analysiert. Aus-
dricke fUr Momsntumstreuquerschnitien, Zusasmenenstossfrequenzen und
Ensrgistibertragungskoaf{izientean werden mit Hijife eirar Polarisations-
potentiales fUr ungeladenan Telichan und mit Hilfe einer Coulomb-Inter-
aktion gegeben. Dann betrachten wic das Problem der Resonanzum-
ladung zwischen Ionen und ungeladernzn Teilchen hingichts des Riniluases
auf die Ltreuquerschnitte und aui die Energlettbertragungskoeffizienter,
Die Experimentslergebnisse warden anal: 1iert, um Ausdriicke der Umladungs-
querschnitte und der Energlstthertragungskosffizienten fG: yt, O+, He+, N?
und 0% zu erretchen. Daraus folgen Ausdrticke der Zusasmenstossfreqrenze
far Uiladung und Mceentustibartragung. Endiich werden dla Energietther-
tragungskoeffizienten ftr Ionen und ungeladenen Tellchen vorgestellt und
wmann vergleicht diesa Ausdrticke mit anderen Pormeln, die im Problem der
lonentemperatur gabraucht wurden,
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I.- INTROGDUCTION

In order to discuss the the-mal budget between electrons
and ions and nautral gas particles in the ionosphere it is necessary
to know all of the energy exchenge rates between the different
constituents, taking into account their specific temperature de-
pendences under conditions of thermal nonequilibrium. The problem
of energy transfer from an electron gas with a Maxwellian velocity
digtribution as a result of elastic collisions has been discussed
in a previous paper (Banks, 1966) using an equation which is of ge-
neral applicability to problems of elastic energy transfer. In this paper
the study of energy transfer is continued with emphasis being placed
upon the atmospheric ilous. Thus, in Section II we enter intc a dis-
cussion of the collision frequency and energy transfer equations which

are valid for elastic ion-neutral and ion-ion énergy transfer.

In contrast to the electron gas problem, there exista far
ions a second method of energy loss by meanc or resonance charge
exchange which, wniie fundamentally elastic in nature, cannot be
described by the equation of ccllisional energy transfer. The problem
of resonance charge exchange between ions ard their parent neutral
gas 1s discussed in Section III with respect to both collicion fre-
quencies and ion energy procesees. Following an snalysis of labo-

ratory and theoretical cross section data numerical resuits for the

resonance ion-neutral energy transfer rates are obtained and compared
with expressions which have been used {n different theoretical analyses

of fon temperatures.

o b ‘ AR WIS s 7.
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1I.- NONRESONANT ION COLLISIONS

The equations describing collisional energy transfer have
been discussed previously (Banks, 1966) for the example of two gases
with Maxwellian velocity distributions characterized by the tempera-

tures Tl and TZ and particle masses m, and m,. The energy transfer

rate, dUlldt, from the first gas is given by

dUl mlmz

" 2

dt (m1+m2)

where n, is the {irst gas number density, k i3 BRoltzmann's constant,

and ;12 is the average collieion frequency of 3 single particle of

the first type in the second gas. Since the density, masses and

(kT, - kT

1 2 ‘12 (1)

temperatures are independent of the interaction forces between the
different particles it is seen that it is the collision frequency
wvhich must be determined in order for the energy transfer rate between

arbitrary types of gases to be known, The result is (see Banks, 19f%)

s Bk~ 1/2 , T. T, 1/2 _
”n'?%{?> ( +~> % @

B |
i
~

where n, is the second gas numbe. density ~ d aD is the average mowentum
transfer cross saction, given in terms of the velocity dependent momentum

traxsier cross section, qD. and the interparticle relative velocity, g,as

[ <3

= I s 2
QD =K j 8 q, exp {-Rg ) dg (3)
- 0
[ 2k'ri 2k12 1 -1
b= = ! J
1 b T
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With equations (1}, {2), and (3) it is possible to derive
accurate expressions for both energy transfer rates and colilsion
frequencies for gases of arbitrary temperature and particle mass once
the velocity dependent momentum transfer cross section is known. Thus,
the problem of ion elastie energy loss revolves, essentially, about the
choice of proper cross sections needed to describe the interaction be-
tween the ion gas and the gas with which it is mixed, iIn the following
analysis we will be concerned with two particular situations which ave
of some practical importance. The first involves the derivation of
energy transfer rates and collision frequencies for ion-neutral gas
mixtures under conditions where there are only elastic collisionms.,
Next, we consider the problem of ion-jon gas mixtures when each ion

species has its own separate Maxwellian velocity distributionm.

1. Ton-Neutral Collisions f)%

At low temperatures the most impertant icon-reutral inter-

PR

action arises from an iaduced dipole attraction which has a poten-
tial @ = - ae2/2r4. Here, a is the neutral atom polarizability, e
is the electric charge, and r is the radial separation. This poten-
tial corresponds to the force law acting between Mcxwellian molecules

and the details of the trzusport coefiicients under conditions of ther-

mal equilibrium are well known. In particular, it is found the collision

cross section 18 proportional to 'I‘-U2 snd that the collision frequency is

independent oi the temperature.

B T

For temperatures greater than 300°K, the induced dipcle force

ey

of attraction is countered by a short range quantum mechanical repul-

sion, For sufficiently high temperatures, the polarization contribution
is negligible and the collision crcss section becomes nearly coustant,
yielding a collision frequency which varies as TI/Z. Unlik« the polari-
zation force, which is independent ot the chemical nature of a given

ion and depends only upor the atomic polarizability of the neutral gas,
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the nature of the repulsive force is linked directly to che details
cf the ion and neutral orbital electren structure. Thus, variations
in cvoss gection ave to be enpected {or different ions in che same :

nautral gds st elavated temperatures.

Because there exist virtually no data for either collisien
rrequsncles or cross sections at high temperatures, the study of ion-
neutral . “llisions must be based upon the assumption that the pnla-

~ize {on f rce is of dominating importance. A detailed evaluation cf

-

the ion-neutral interaction potential has been made by Dalgarnc et al.
(1958 who terminated the polarization potential atf a emall atcmic
radiue and added an elastic sphere repulesive potential fo simulate
the quantum repulzion effets. This theoretical cross section was

then compared with repcrted mcasurements of ionic mobilities, For
equel ion and neutral temperatures below 300°K the thecratical
results appear to be accurate., Above 300°K, the detailed variation
of the momentum transfer cross section depends upon the specific

ion ard newtral gas,

With there being "nly a few experimental data for tempera-
tures above S00°K, it is necessary to accept the collision equati:as
developed for the polarization force alone as representing the true
interaction over the entire range of ion and neutral temperatures
discussed here. Accordingly, was take the ion-neuvtral velocity de-
pendent momentum transfer cross section for singly cherged icns to be,

following Dalgarnu, et al. (1958),

ae2 1/2 2
q = 2,21 n( Z& en®, (%)
D 2
BE
where a is the neutral gas atomic polarizability, p is the Zon-neoutral
reduced mase, e ig the electron charge, and g is the ion-neutral pac-

ticle relative velocity.

e @ iy eeereverr PRVt AT R




Using equation (3) the average momentum transfer cross section

for icn-neutral collisions becoxes

32 o.88ael « % _xp T -;'1’2
e — Sl ) 4, = )
D 16 ° N / o a
i n
cr, aumerisally,
_ 157 ao\\llz -1, T =-li2 2
Q.= 13.2x10 { —. P e = ex (8)
D \g, / I 3 A
A i n

wlere Ai and A_z are the particle masses ic atomic mass umits :z.m.u.),
.
B, is the reduced mass in a.m.u., a_ is the atomic polarizability in

-
A .
0-24 3

mits of 1 cm , and tha subscripts apply te ions and neutrals,

respectively.
For conditions of egual temperatures the mass {actors of

equaticn (§jcancel and we have

V2 L. /!;.88ae2 \ 172
’..I‘ {

o - & e—— —_— ) -
QRIEI=ID = T 7 N &

which agreas with the value used by Dalgarnc, et al. (1958) in thair

celculations of ion mobilirty.

Using equations (5) and (2) the average ion-aeurial collision

frequency for energy transfer is odtained as

2 172
- /S ae
i - ” | =
Yin 2.21 2\ . (3
or,
i { 11'2

- -9 o\ -1

- 1 [
Vi 2.6 x 10 LIRN ”A/ sec (9)

B £
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independent of either gas temperaturs. Acturally, as shown by Morse (1963),
althcugh we have derived the present expression for the avsrage mcmentua

1B transfer cross section on the baxis cf separate Maxwellian velocity
Q distridutions, for the case of Haxwullian wolecules the cross sectiom,
A collision frequancy, and acergy transfer cste are independent of the
T
i actual velocity discribution used.
i
1 : Table 3-7, taken frum Basted {1964) =nd Dalgarmo{1961a),
\ i gives valuas of the atomic polarizabdility for the atmcspheric gases.
b ,
i ‘ Table 1 Polarizzsbilities of Eurral Gases
- | 2%
! ; Bauiral gas ao(m om)
[ X, 1.76
. 02 1.98
1 82 Q.81
.g' 0 O-n
! 5 0.67
Be c.2t
f‘ X 1.13

Eqguation {8) cam be compared with an ion-neutral ccllisica
freque=xy which follows from the work of Chapman and Cowling {1952).
In the diffusion of ioos across 1 magratic field, a collision icter-

Orne st wuAr WP
st s r B WO 4y

val v appears which can be used te define 2 collision frequency v

by the ralatioc v = 1/3. The valoe cf v ir relaled to the iom-
pentral diffvsion coefficisnt whiek, in tumm, can be calculated
directly for the polariszation potential. This process yields an
ioa-neutral collision frequsncy, using the cross section ¢f Dalgarco,
& &1, (1958), given by

Ceds o

an +1om

- . At g5 2 .1
vin " 2.21x (c ¢ p) (10)

{a

ot &
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vzere = Is the Iom demsizy amd = Is Ihe zeuirTal pas momder Jemsity.

~ N . e s en . ran = . - -
Cooparing t=is masuil with eguacicn (8) for the ecargy transier gelli-

sicm Iregue=cy, it is seex that e wality fellows omly ifa = 3,
For ciber Je-sity conditioas, T particumlar viere 2 XK=z, the w2
-
-

ccllisicon Iregrencies ate —ob the ssme, Dsigar-o {1981%) kas gives
ice-reciral ¢ollizism freguemcies based cper egurtion (10) uder the
assumplisn ez K =(2). Fosw this rppreximation it follows that

2is reczlts a-e smaller thas those presected Zere My the ratic :ifm .

A e hd + = - >
Tor <Le exzmple of ¢ iz N, this corTesponds o @ factor of 0.8
-~

- : R cvies -
Usizg the ios-=evival ccilisicz fraguency givezn by

-

eguatica (8), tte vate of iom erergy trxnsfer in z cenlrcl zas

ie fornd from equazioc (3) to Be

T, 221 = 2.1/
a - 3= 2 “als -
azc J‘i S (ni + Iq) (sme 3 kci :z:) 1)

oT,

172
Q. (&, )
—_i__ v~ & o - -3 -1
ot 5.8 x 10 z:imn (“3_ +"n) ('t1 rn) ev Cm  sec

Appropriate values for the zeutrsl gas polarizabilities
are given in Table I and Fave been usel to obtain the ecergy transfer
Tates listed in Table 2. As a2 coaseguenca of the particular force
law for ioca-czeutral collisions, the energy trausfer rates depend
oaly wpon the differencs ian ion and neatral gaa temperatures. In
general there i3 3 varistion by a factor of 3.6 between the different
ioss rates ccausidered. Further, excs2pt for the colilisions H+ - He+and Be+- H,
the diffesences in the rates are determiaed primarily by the varying
mass factors rather than the changes in atomd: polarizability.

‘)
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It is a2lso roted that these jcu energy loss rates are covsiderably
larger than those found (see Banks, 1966) for elsstic electron-neutral
cullisions. 4s zn exaxple we may coasider the 0+ - Kz rate as, omit-
ting common density and temperzture factors, 6.6 x 10-“ ev cns 'I.lsec-
woile the ¢-K, rate is, at T = 1000°K, caly 1.55 x 10736
This difference of & factor of 430 arises from the enhanced ioca-
neutral cross section and advantsgec-s mass factors in equation (1),
xitigated. of Course, by the much more rapid average electroc velo-

eity.

Tabie 2 Blastic Ion-Beutrai Energy Transfer Rates

A )

3 -
Collisfion Pair -au i.Iclt: {ev cm" sec 1 T
ninnai.tn)

———

o’- LN 6.5 x 16
o’- c, 6.5 x 10724
0'- Re 2.8 10714
o*- ® 3.2x 10718
E- 0 3.5 x 1074
- 3.1z 10 %
E'- Be 5.6 x 10718
Re'- 0 5.4 x 10718
Be'- ® 1.0x 1075
Be+- !!2 3.3 x 10-1&

The results given here can be ccmpsred with valves which
have teen used in previous studies of iou temperatures in the upper
atmospdere., In a rvecent paper Willmore (1964) has adopted valuas for

the halium and oxygen ion rates the values 3.3 x 10'1" and 3.6 x 10'”‘

eV cn3 'K_lse:- .

1

’

1
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respectively. In comparing these rates with those listed in Table 2
it appears that Willmore's helium ion cooling rate, which is based

upon the diffusion collision frequencies of Dalgarne (1961b), is too
low by a factor of 0.63 (see equation 10 and discussion). Likewise,

the oxygen ion energy transfar rate is too large by a factor of 1.3.

2. lon-Icn Collisions

The average momentum transfer cross section for two separate
ion gases, each having ita own Maxwellian velocity distribution is,
Ranks (1966),

_ b3 (Z 32)2 In A
Q, ‘ (13)

2 2 _ 1 k12'12
H :“"*l-_
A ll i

where zl,z are the respective ion charges and the parameter A i{s given
by
2€
A 2.2 ez XD (1
172

Here é i8 the average snergy of relative motion between ious and AD.

the plasma Debye lewyii, is given by

Z. n
-2 - 2 1 ]
AD 4nt e kT | . (15)

Bquation (13) can be evaluated numerically to give

4.4 x 10 6 n A 2

QD - [ - S (16)
a2

using the previous notatiom.

e
st it ALy o

),
e il it K i e 4 olin

Vravew 't v
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The average ion-ion enrergy transfer collision frequency
1s, from equation (3),

4 (lezez‘2 ln A
Vg = 3 Yér n

: (17)
2 nz[ kr, 4]3/2 |
b B

or,

(z Z) In A
- . -2 *7172
vl2 = 8,45 x 10

2
S cm (18)
l’ El ]3/2
AL A A2

To find the average collision frequency of a thermal ilon in its own
R88 we lcc‘rl-Tz-’riandml-%ani.

Thus,

Zz el. In A
S, =n & A, a9
12° %3 ®, (k,;i)&l

which is a factor of 4/3 larger than the ion collision frequency givea
by Chapman (19€1) for total scattaring effects,

The total rate of energy transfer between two lon species having
Mexwellian velocity distributions s obtaiued from equation (1) by using

the average ion-ion energy transfer colllaion frequency given by
evuation (17). Thus,

- 4
dUl . 4 2n o, n, e k(’rl- '.'.‘2) In A 20)
dt kT kKT,q 3 '
ael vt 2
5

or,

fas: oo
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du 2.18x 10 0. n.(T.- T.) In A
1 - - i 14_"2L 1 g‘ ev cm-3 Sec-l
T T, T, 43 '
AA [—+- 2 (21)
12 LA Ta,

which agrees with the result Longmire (1963)., Thus, the concept of
binary collisions permits the exact description of the ion-ion energy
transfer rate under the condition that eech species has its own

Maxwellian velocity distribution,

At this point it is nw posai§1e to make a comparison of the
elastic and resonant ion-neutral energy transfer rates with the calculated
ion-ion values. If we disregard the density and temperature diffarences
it is found from Tables 2 and 1] and equation (21) that the ion-ion rates
are generally larger by at least a factor of 10 for ion temperatures
near 1000°K. This would imply that the ion gases are more strongly
coupled to each other than to the neutral gases. However, for specific
problems involving the transfer of energy in dilute gases where the
different densities vary widely it is necessary to solve the heat balance
equations directly in order to evaluate the assumptior of a single ion

temperature which {s common to all the ion spescies present.

III.- RESONANT IONR-NEUTRAL COLLISIONS

1. Introduction

Charge exchange exerts a significant influence upon the
momentum transfer cross section and is important for both tne problems
of ion energy tranafer and diffusion. Por thia process, it is found
that although there is a transfer of an elsctric charge between two
particles, each tends to retain its criginal kinetic energy. Thus,
even though the identity of the ion has changed, the reaction is still
fundumentally elastic in presarving the total kinetic en~rgy. Charge
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exchange consequently becomee of particular importance to the ion
energy balance eince it can provide a rapid means for energetic

ions to be transformed into energ-tic neutral particles. For many
of the possible atmospheric ior-nev*ral collision pairs, it is found
that the probability for charge exchange is much Iarger than that
for the normal gas kinetic collisions. Therefore, while an original-
ly energetic ion could cool to the ambient gas temperature by means
of multiple elastic collisions, it can lose all of its excess energy

ir a single charge exchange reaction,

Cherge exchange also plays an important part in .enhancing
the magnitude of the momentum transfer cross section above those values
normally associated with nigh temperaiure ion-neutral reactions. This
action arises from the conversicn of very slightly glancing collisions
into what appear to be nearly direct impacts with a consequent back-

scattering. Under these circumstances there exists a relation between

the charge exchange, qx, and momentum transfer, qD, cross sections given
by Dalgarno (1958) as q - ZqE. This relationship is valid only for
high temperatures where the ion-neutral polarization effects can be

neglectad,

An adequate introduction to the details of the quantum ﬁheory
of resonance charge exchange can be found in Bates (1962). In general,
an exact solution to the problem of determiring the charge exchange
cross section is not possible because of the uncertainties in the
form of the energy wave functions for all possible energy states of
two colliding particles. Therefore, it is necessary to resort to
experimental results to determine specific resonance charge exchange

cross sections,
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2. Resonance Cross Sections - Theory

Since we are interesed in both the charge exchange and
momentum transfer cross sections it wust be noted that to determine
the full temperature variations of the momentum transfer cross sec-
tion it is not adequate to use the relation 9 - qu'
tures below & transition region, generally in the neighborhood of

For tempera-

SO0°K, the momentum transfer cross section is determined largely
by the induced dipole polarization force between the ion and the
neutral atom; The appropriate cross section for this interaction

is given by equation (5) as

2.1/2
’Y (4.88ze )
QD - % u3/2 4, 88ae 7 . | (22)
(kil'i + an)

For temperatures above the transition region. the polarization
countribution to 65 diminishes rapidly and the effect of the charge
exchange enchancement of the momentum transfer crcss section becomes

dominant. This problem has been discussed by Gosh and Sharme (1964).

It has been shown by Dalgarno (1958) that the velocity dependent

charge exchange cross section, 9 can be expresaed as

2 )
qE = (A ~ Blogloe) ’ 23)

for particle energies below 500 ev. Here A and B are constants
characteristic of a given gas and ¢ 18 the kinetic energy of relative
motion, measured in electroy volts (ev). Using qD = qu’ the high

tempexature velocity dependent momentum transfer cross section can be

given as

g = 2(A - B 1n e)2 (24)
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It is important to note that the total cross section for
wmomantum transfer is not equal to the sum of the charge exchange and
polarization contributions., Because there exist mutual interaction
effects, the polarization potential and charge exchange action combine
to form & total cross section whose variation with temperature follows
clozely the individual crosz sections in their own regions of dominance.
in the transition region there %s a slight enchancement of the cross
section to values above those due to either polarization or charge
ex~hange, but this extends only cver a limited *emperature range.

Thus, for temperatures above the transition region, is determined

q
exclusively, to within 1% (Knof, et al., 1964), by chgrge exchange,
while balow this point the polarization forces are predominant., This
effect illustrated in Figure 1 for the specific example oi N2+ - Nz
¢nrllisions., Here the transi-ion region extends , in terms of

M= Ii+ Tn' from 200° to 700°K and is centered about the point I' = 340°K.
It is seen that for I"™> 750°K there is essantially no contribut.on to

55 from the polarization.

In order to determine suitable temperature dependent average
charge axchange and momentum transfer cross sections, it is necessary
to average aquations (23) ana (24) over the jon and neutral velocity

distributions, Thus,

- - 3.0 3.

QD 2 QE ﬂfifn qD d vid 7 (25)
where qD is given by equation (24), £ is the particle velocity distribu-
tion function, 433'13 a velocity space volume element, and the subscripts
refer to ions and neutrals, raspectively.

The solution to equation (25) for conditions where T, = '1‘n

i
has been given by Mason and Vanderslice (1959) and Sheldon (1964).

For situations where the ions and neutrals have separate Maxwellian
distributions with It ¥ Tn it has been possible to generalize these

results to obtain

B T
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L3-
= - -2 -8 2z -
Qz a /A + 3.568) - 3 ;35‘6?' x i =, R
. . . . ..-3 . . . .
where A a=d ¥, messured In unizs of < &2, 2zze =he zceflizisntz arTredrisy
i> tha equatico
-
- 4 - Pt -y
] = (kA - 3 Lr‘-b - ! - N )
3 N 10
Tollowisg sqguatice (2), we now Zalfize 3 cesszasce Io--zeuITal
Solliisioe Sragmency. v . IS
3
- -~ il . ca
- -~ K -l . e = = camy
Y = — = \e.T 2 N : )
2 3 = \=, z h

with m the ioo or seuzral parziclie =mas:., Iz & similas mammer w2 dalice

the average collision frequency for charge exchangze, v_, 2s
B

- & 8k \1/2 /2 = .
-— — (" <+ ) D
V23 %% \m/ (ri T) R (£9)
the factor of 4/3 appearing since we desire £ use this eguation

in an energy transfer equaticn wnich is analogous to equation (1), the

mass faccror being omitted. From equations (28) and {29), we have

v --,:j-v , (30)

for the temperature regime where polarization effects are negligible.

3. Resonance Ion-Neutral Energy Transfer

—

The derivation of the energy transfer rate of an ica gas under
resonance conditions requires the use of the ion continuity equation with
the charge exchange collision frequency. Thus, in the present section, the

general equation of collisional energy loss does not apply.

The energy loss rate of an ion gas follows from consideration

of the energy balance of ion production and loss, Thus,
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wiers T =3 I are Tha respeciive ico &3 neulrsl! narticie energies,

LA s

; is he charge exchange
collision freguency dafized Dy aqualion (25). If we apply the relaticos

T ow 3xT 2 323 % = 3XT ST, which apply for gases vith Mavwellian
by

:._:'l..~-. - ~» =
I 5 Dy Cti 15) ’ {32) -
&0

i -4 - -3 -1
——— ey - o S -~
TS 1.3 x 19 n, T, xn)vE ev cm T sec . (33)

To apply the preceding results to obtain accurate values for

the resonance ion-aeutral collision frequencies and erergy transfer
tates it is necsssary to know the charge exchange and momentum transfer
cross sections for each ion. Thus, in the following section an
anelysis is mude of the experimental and theoretical results for each
atmespheric ion in order to arrive at satisfactory values for 65 and aé.
These quantities are then used to obtain adequate expressions for the

appropriate ¢ollision frequencies and the ion energy loss rates.

ol e SRR T BTN AT W
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4. Resonance Experimental Cross Szactions

A. Atonic Hydrogen

The charge exchange reaction H+ +H-H+ H+ has been studied !; !
¢ extensively because of its theoretical simplicity. Dalgarno and

Yadev (1953) made accurate calculations using perturbed stationary

state wave functions, Dalgarno (1958), in calculating the mobility

of ions in parent gases, was able to reproduce essentially the same
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L
of the charze exchange oTOS3: saciisc & 4w Lo velxcitiles.
Orteadarger (196Y) found their theoretical apsroack zave valves I
sudbstantial agreement with those of Dalgarze ad Yadev. Later, ex-

tensions vere made by Rapp and Praceis (1852).

Ixperimenta]l daczz have been obdiained “y Fite, et al. (1530)
by usizg bezm techniques with fon energies as low as 300 ev. The dazs
were later extended by Fite, et al. (1962) to a lower limit of 20 ev,
giving close agreement with the previous resuits. The valuas ol the

various ard theoretical mrasuremarnts are listed in Table 3.
Por the present purposes, the charge exchange cross sectiom given
by Dalgarno and Yadev (31953) appears to represent the best compromise

between experiment and theory. Thus, using equatiom (26}

Table 3 Atomic Hydrogen Chaige Exchange

ﬂ+ +H-H+ H+

1/2 €
qB = A -B Loglo
8- 8
Source A x 10 B3 x 10
Dalgarno (1958) 6.93 0.82
Gurnee and Magee 65.78 0.91
(1957
Rapp and Francis 6.05 0.88
(1962)
Fite, et cl. (1962) 7.60 1.06

we obtain for the hydrogen ion charge exthange cross section

6&(H+) = [10.2 - 0.82 Loglo P]2 x 10.16 cm2 , (34)

e, AR D, .
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Sare, asiz tte stlseguest eguatiocs, T T 4T

To dezermice tho extazt of tle tewmperiture transitioc regice
Tetweaz tle polarizatice and charge exclacge dominavcs of tRe acmente:
trangfer crcss cecticn, eqatiocms (35) azmd (TR) Xave deex exraized.
It is foumd that the resmpexature transiticn peint where the two
asyaptotic eifects are egual li2s zear I = 100°K. Taus, for e case
of atomic hydrogen, there is essan®izlly nc error involved in assuming
that the charge exchange contribution to 5D is dominant at &ll com-
bined temparatures above 100°K,

3. Atoaic Cxygen

The symmecrrical charge exchange reaction 0‘;‘ +0-0+ 0+
has been studied >y Dalgarno (1958) using a semi-classical appro-
ximation for the sgcattering phase shifts. Because there was consi-
derable uncertainty in the approximation used tc express the inter-
action energy of the ion and atom as a functior of the radisl sepa-
ration, accurac; ad only to within a factor of two..

Kncf, et al. (1964) havc made the most detailed study of the oxygen
problem by taking explic_.t account of twelve possible electronic
states of the 0;

Table 4, along with those of others authors.

pseudo-molecule. Their results are li-ted in
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Tadlie 3 Atomic Oxrges JhaTme EXclisgs
- -
¢ + 0 =02
TN
-y - -
qI = A -8 535, ¢
-t
3 3
Jgrte 4 x & 3x 0
Eaof, 22 al, {1383 5.32 J.=3
Dxligarzs (15838 $.33 S.57
{see als> Deigar=> ; I35
Stel>izzy, et al, (IS 3.8 T3
Rapp a=¢ Pranciz (1332} £.1% ¢.TS

Exyperimentally, .2ere i3z jood agrezaec=t SeTwees The valuas givas Oy

fzof, et al. and the valives obdzained by Steddi-mgs, e ai. {I1S83). Thes2

I3
Lagedd

0

latter resuits extend cowm 12 30 ev a=d, accaxdi=z to

1tes is

- ~
. 8T al.,
-~
-

»

S

%

the average deviaticn detwees the predicted amd meascr

-~

X=aZ, ez 3l

lh

culy 5.5%. Therefore, the chargs exclhisge Srooss section

will be used here.

Esing equaticn (26) the sverage clhiarge exchanga Souse secticon
is

- + - - -6 2 R
= . 7. - . ix 1 . (
QE(O ) L71.47 - 2.475 chlag;x G ca {38)

The transition region betwasn polarizatiou and charge exchange
dominance k33 been investigated. Figure 2 shows the momenvux transfer cross
section and the extensicn of the as;xptotic polarization and charge exchange
contributions. The transition is found to take place vear I' = §72°%.

It follows from figure 2 that the maximum error arising rroa the oais-
sion of the polarization effect {8 11% at T" = 470°K and diminishes
rapidly atl higher temperatures. Thus, for the computation of the

momentum transfer cross section, it is possible To segment the true curve
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Sf Figure I 12%e o porvticoms @ otme o7 clarie exdhimge and ihe csiler

poiatizatice. EHezze,

P> 470°X Eb(o*) - {10.5 - 0.67 Logmrjz x 107692
_ ., lesxwC
P AT Qo0 = = cn aGn
r

C. Atomic Hitrogen

Tvo derivations of the znitrog.n charge transfer cross sectica

bave heen macr, Gummee and Magea (1957) and Xnof, et al (1964) obtairned

)

the expreszion

- -1
qB(N+> « 15,53 - 0.45 Loglo 5]2 x 10 § cn?, (38)

wiiich i{s accept>d for thy prasent calculatiocms. k-

4y XA @r e LT P

The average charge exchange cross section is, from equation (26),

3

= - 2 E
0 ¥y = {7.33 - 0.455 Log,, T1° x 10 S 2. (39) 3

’

Applying equations (22) and (26), it is possible to find
the asymptotic charge exchange anc polarization contribut;ons to as.
However, because the atomic polarizability of atomic nitrogen is
only slightly larger than that for atomic oxygen and because the two
exchange cross sections are almost identical, it is not necessary to
present the data grachically. Por atomic nitrogen it is found that
the traansition temperature corresponds to I' = 550°K and that the error
at this point in neglecting the polarization contribution iz 10%. Thus,

for the present purposes, 65 can be taken as

P> 550 Q) = [10.3 - 0.645 Log, T1* x 107¢ ca
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Lite atomic hydrogen, balium tas beex the cdject of inteasive
theoresizal and experimental stody. A paper >y Rapp and Frasmcis (1982)

suosarizes the restlits of 21 experiments &l A4 theoretical studies.

Tadla 3 Ralitvm Charge Ixchange

?;: + Re - Ee + 5:

qlfz =A-3Ilog ¢

B kA

Source Ax10®  3xa0®
Cramer and Simens (1557) 5.25 .74
Dalgarno (1958) 5.36 0.62
Rapp and Praccis (1362) £ 51 0.68
Gurnee aand Magee (1357} 53.02 0.64
Hasted (1251) 5.14 .55
Chanin snd Biondi (1$57) 4.93 0.82

Dalgarno (1958) calculated botk ion mobility and charge
transfer cross sectione and compared them with the experimental wmo-
bility data of Chanin and Biondi (1957). teement was found to be
withir 20% at the higher temperatures. Rapp and Prancis (1962) applied
an empirical two state model which gives good accord with the experi-
mental data for energies above 200 ev. Cramer and Simons (1957} were
able to measure the charge exchange cross section at eaergies down
to 16 ev. These data agree well with the esarlier results of Hasted (1951)
gnd Dillon, et al ('955). The correspondence is vary good between the
various authors with a spread of 15% at 1000°K, if the results of Rapp
and Francis are disregarded. The Jdata of Cramer and Simons listed in

Table 5 are used hare as representing the charge exchange cross section.
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The zvevaze zharvge exclacge cross sectiozn for heliva asy
e taker as

- <+ - - = “‘.2 . -1¢ 2 -
Q(Be’} = {8.17 - C.78 Log  T" x 10 7 em'. (31)

Yor ths momentum tramsfer cross secliom it is foond that the framsitico
temparature lies Delow I = 200K and virteally no erzer is iavolved iz

reglecting 2he polarizatice effect. Consegtently, we tike

[+ 1)

- + - . - -1 S
Q fEe )={11.§ - 1.0¢ Log, Tix 10 e . (32)

X, Molecular Oxyger

+ +
for the reactiox 02 + 02 - 02 + G, there appear to bde zo

theoretically derived vaives for the charge exchange crass section.

Bowever, severzl molecular heza axperiments have been conducted with

cnevgies below 100 ev giving resulis wvhich can be extrapoiated to

thermal energiss.

Gesh and Sheridua (15537) obtained cross section data for i

[+]
3

energies balow 100 ev vhich agree well with the later measurements o

(i}
it Phibairard o e S

Wr

Stebbings, et al. {1563). The earlier work of Potter (1954} does

net appear to be accurat: in comparison, since the cross sections given

are a factor of two less than the above authors. Amme and Utter-

back (1964) repeated the experiment of Stebbings, et al. while making

a close deteraination of the devendence of the cross sectiows upon

tha degree of icanic excitation. at high electron impact anergies

there wvas & significant decrease in the charge transfer cross section,
indicating that the resonance behavior was eacily destroyed by small energy
defects between the excited Ioms and the neutrai gas. Table 6 sumzarizes

the varicus results,
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Tor the presenz calculations the data of A= and 3
ek —— . 3
Tilertzek (1563) are accepted. The charge exchange cross sectien s
is 4
i < . - -6 2 {
Qe (0,) = :7.51 - 5.§ ez, 'l x 10 cm . (43) ;
2 10 .

The relative importarce of thr pclarizatioc and charge ex-

change eifcets in determining QD can be sezen in Pigure 3 where the

} transiticnm .

v,

Tadle § Molecular Orvgan Charge Sxchange

A
2

+ oF
0, +0, =90, +0,

1/2

G <A Bloge
Source A X 108 B x 108
Stebddbings, et al. (1963) 5.32 0.65%
Aoxe and Utterback (1964) 5.37 ¢.54
Pottar (1354) 3.8 0.35

temperatura is 1600°K, This relatrively high temperature appears to
be a ccnseqnence of the small charge exchange cross section for mo-
lecular oxygen. The wmaximm error associatad with the neglect of the

polarization effect at the transition temperature is 10Z, Thus, we

F | may approximate the momentum transfer cross section by
j I > 1600°% QU (0}) = [10.6 - 0.765 Log, r) x 10716 eu?
_ 4, 2axw0B =
° - — i
I < 1600°K QD(OZ) P1/2 cm ., |
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P, Molecular kitrcoEen

Thecretical dzta for charge exchange in Fz

5y Gurzee and Mezes (1357) and are listed in Table 7.

have besn given

Table 7 Mclecular Nitrcger Charge Exchange

K 4N N + N

2 2 2
1/2
qE A-3 Logloe
Source AX 108 I x 108
Amme and Utterback (1964) 7.36 - 0,68
Stebbings, et al, (1963) 6.18 10.43
Gurnee and Magez (1957) 8.28 0.58
Potter (1954) 6.05 1.26

A number of experimental studies have been conducted, but
the problem of ionic excitation has been responsibie for inconsistent
values. Stebbings, et al, (1963) have made extensive maasurements of
the charge transfer cross secticn and have analyzed many ot the pre-
vious experimental studies in an effortto determine the sources of
error., Amme &nd Uttecback (1964) have recently been able to show that
the work of Stebbings, et al. leads to cross ;cctiona which are too
low as a consequence of excited molecular ions which are able to des-
troy the resonance behavior of the charge exchange process. Thay
repeated the experimant using low energy electrons to produce the ni-
trogen ions found a considerable increase in the charge exchange cross

section.

Using the results of Amme and Utterback (1964) , the charge

exchange cross section at thermal energies is taken as
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- -15
Qp(,> = [10.1 - 0.68 Log, rPx10 et . (45)

-
Tha behavior of the momentum transfer cross section is shown

in Pigure 1 where a transiticn temperature of I' = 340°K is indicated.

The maximm error i{nvolved in neglecting polarization is found to

be 9% at this point. Accepting this uncertainty, tie momentum transfer

cross section is

I > 340°K ES(N;) - [14.2 - 0.92 Loglor]z x 1078 cu? (46)

S. Resonsnce Jon-Neutral Collision Frequencies

With the derivation of the appropriate cress sections
equations (28) and {29) can nov be usad to £ind the charge exchange
and ~omentium vransfer collision frequencies., The former are of direct
importance to the problem of resonance ion-neutral energy transfer while
the latter can be applied to the study of ion diffusion., The results
for the charge exchangze zollision frequencies of the atmospheric ions
zre listed in Tabie 8. In order to compare the various values it is
convealent to adopt the approximacion that ' = 3000°K in the logarithm,
This process leads to errors of less than 10X for 1200 < I < 4000°K.
Tabie 2 lists these reduced charge exchenge collision frequencies ard
shews that there is an order of magnitude difference between the extre-

=yl values.

Table 8 Average lon-Neutral Charge Exchange Collision Frequencies
Svecies VB (sec-l)
-1 -
K, H 9.5 x 10 "~ n(H) pt/? [16.4 - 1.15 Log PJz
+ -13 1/2 10 5
0,0 2.3 x 10 7 n r'° [10.5 - 0.61 Log.. I']
+ -13 1/2 10 2
N, N 2.6 x 10 " a) ' [10.3 - 0.64 Log,. I']
+ -13 1/2 ¢ 107",
He , He 4.40x 10 " n(He) T7'7 [11.6 - 1.04 Log, r)
+ ] -12 1/2 ] 2
c?, o, i.7x 10" n(,) T [10.6 - 0.76 Log,, r]
Ny, N, 1.8 x 107 a(n,) P2 [14.2 - 0.96 Lo, T)°
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Table 9 Reduced Charge Exchange Collision Frequencies

Log10 MNs= Log10 {3000°K)

Speciles Cﬁ (sec-l)
— o e
BB 1.6 x 10090 ny /2
ot- o * 2.1 x 101 ncoy p/2
- {
NT- N 2.3 x 10 gy o2
He'- He 4.4 x 10°1 aque) pH2
+ -11 1/2
0 -0, 1.5 x 107 n@) T
+ -11 1/2
NZ - N2 2.9 x 10 n(NZ) T

The resonance ion neutral collision frequencies for momentum

s
&

transfer have been obtained and are listed i;§¥§b1e 10. For values of I
below the transition temperature it has been assumed that only the polari-
zation effect is present. Hence, a givan gas can be characterized by two
different functional forms for v . These results indic;te significant

R
diiferences exist between the different ious but that for atoms with

2 simiiar electronic structures, such as 0 and K, néarly the same values

T are Iound.

Table 10 Average Ion-Neutral Resonance Momentum Transfer Collision

Frequencies

Species ;k (sec-l)
3 i, H I < 100°K 1.9 x 10" 12 n(u)r1/2 (14.4-1.15 LogloP)z
5. o, o P > 470°K 4.7 x 10733 n(O)r']’/2 (10.5-0.67 LoglcP)z ;
:5 I < 470°K 8.0 x 10°° n(0) ;

N, N r>ssom 5.2 x 1070 a@rt/? (10.3-0.66 1og, |

I' < 550°K 1.0 x 10”2 a(N)
e’ He I > 100°K 8.7 x 10'13n(ue)r1/2 (11.6-1.04 Loglor)2

e s B i b g e N M el et e i AR RN B N i




[

i TP PO R . ) "
. LT ‘ "
B S AL o

Species vR (secsl)

0y1 0, P>1600°K 3.4 x 107 n©)rM? (10.6 - 0.76 Log, I
I' < 1600°K 9.1 x 10710 8(0,)
NP, N, P > 340°K 3.6 x 10713 n(NZ)I‘llz (14.2 - 0.96 Log, F)

6. Resonance lon-Neutral Energy Transfer

The charge exchange colligion frequencies given in Table 8 have
been used to derive the ion energy loss rates listed in Table 11, A
simplification has again been made, however, by noting that the colli-
eion ¢cross sections for rasonance charge exchange vary oaly slightly
for the normal range of ionospheric ion and neutral temperatures,
Thus, the average value I = 3000°K has been chosen for the logarithmic

term of the cross section,

Table 11 Resonance Ion-Neutral Energy Transfer Rates
(ev cn™ secwl) 5
R 21:!‘1' - - 1.4 x 10714 n(a"‘); n(d) (@ + T)I/Z.(Ti- D
0 ;g‘ .21 x 10-15 n(0+) “(o)(T1+ 'r)l/2 (Ti~ T)
N :zi - 2.1 x 10 aeh n(N) (T + n'/? -0
e <1 .- 4.0 x 1075 ngeh) ney @+ (r,m)
dt : *
0, ;gL .14 x 10708 n(O;) a(0,) (T + 1)1/2 (T,-T)
N, -?El-i- . 2.7 x 10-15 “(N;) n(NZ) (Ti+ '1‘)1/2 (Ti. T)
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These results can be compared with values adopted in several
studies of charged particle temperatures, Hanson (1963) has used an

oxygen ion energy loss rate of

aucot- o)
at

<17 , - -
=-1.82 x 10 L n(0) n(O*)(Ti- Tu) ev cm 3 sec 1,

- {47)
based upon the collision frequencies of Dalg..uo (1961b). Analysis
of this equation indicates that it was derived for a temperature of
3C0°K and, further, that it was based upon the momentum transfer
cross section rather than the‘chatgé exchange cross section. How-
ever, because Dalga;no's momentunm transfer cross section is toc large
by a factor of 2,7l-.3.0 (Knof, et al. 1964), the final result is
larger tL‘n the present value by the factors 2.2 - 1,4 over the tem-

S perature r: \ge 1600 <« ' < 3600°K.

Another calculation of the oxygen ion cooling rate has been

made by Dalgarno (1°u3). He finds

duiro+l 0)

—

: - - 4,47 x 10-14 n{(0) n(o*)(Ti- T) ev ¢:m"3 sec-l.
i (48)

Comparing this aquation .ith that obtained from Table 11, it is seen
that the present energy transfer rate is larger by the factor
4.7x10-2r'1/2 which, for temperatures in the range 1600° < I' < 3600°K,

varies between 1.2  2.8.

Willmore (1964) has calculated the effect of helium reso-

nance charge exchange upon the cooling of helium ions. His result is

l.'lUi (Bn+- HQ)
dt

- 1,19 x 10—13 n(He+) n(Hc)(T1~ T) av cm‘3 sec
(49)
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Frow Table 11, the corresponding equation from the present data is
larger than equation (49) by the factor 3.4 x 10‘2 T'. Pcy teapera-
turas between 1600°K < ' < 3600°K, this factor varies betwesn 1.4 and

2.0, At Eiahar texperatures an increasing divergence will be noted.

Purthar calculations of resonance icn-neutral energy trans-

fer rates are not known to have been mada.

IV.- SUMMARY

The primary purpose of this paper has been to preseat a
congistent development of the problems of ion energy transfer and
collision frequencies., Knowledge of these factors is needed for
any detailed study of the thermal behavior of ions in a dilute, par-
tially ionized plasma, Inm the first section emphasis was placed
upon i‘m-neutral and ion-ion collisions where resonance charge
exchange is not an important factor. Using a general equation of
energy transfer, adequate expressions for collision frequencies and
enargy tranafer rateswere obtajined. Por ion-neutral collisions it
was necassary to use a momentum transfer cross section appropriate
to an ion-neutral polarizatai n interaction. Thus, while the present
results are probvbl§ Qccurace for temjperatures below 300°K, the true
behavicr at high temperatures must remain in doubt until adequate

experimental studies have been mad: ,

The ion-ion collision frequency and energy transfer rate have
been computed directly from the coulomb potential, Wnder conditions of
equivalent particle densities the ion-ion energy transfer rate is found

to be an order of magnitude larger than the listed ion-neutral rates.

The problem of resonance collisions between an ion and its

parent neutral particle has been discussed. Appropriate equations have

gt akd

i dudite
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Seen deveioped for the thermal nonequilibrium collision frequencies
for both charge exchange and momentiumn trinsfer, It was shown that
ion enargy transfer rates for charge excnange must dominate at tem-
peratures above the polarization-charge exchange transition region.
Por all of the ions, with the exception of 02, there is little error
involved in ignoring the polarization contribution to 56 in the

atmosphere.

In general, both the nonresonant and resonamt ion-neutral
energy transfer rates show only a small dependence upon the gas
temperatures. The resonance behavior leads to rates which are

somewhat larger than those found for elastic collisions,

Since the ion-neutral energy transfer rates are generally
mucn larger thau electron-neutral and, in a similar fashion, electron-
lon energy transfer is much slower than ion-ion energy exchange, for
an external source giving heat to electrons in a weakly ionized plas-
ma there will be a complex set o relations needed to arrive at

equilibrium values of the electron, ion and neutral gas temperatures.
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